Abstract-This paper discusses the issue of energy-efficiency in power line communication (PLC) systems and introduces decode-and-forward (DF) energy-harvesting based relaying. The performance of the proposed system is analyzed in terms of the energy efficiency for which accurate analytical expressions are derived. To highlight the achievable gains, we also evaluate the performance of both the conventional DF relaying and the directlink systems. The presented simulated results clearly demonstrate the correctness of our analysis as well as the advantage of the proposed system over the conventional relaying and direct-link approaches. Additionally, it is shown that the proposed scheme will become more energy efficient as the harvested noise energy becomes larger.
I. INTRODUCTION
P OWER line communication (PLC) technology has been one of the main enablers of numerous home-networking and smart grid applications [1] , [2] . However, the high attenuation, frequency selectivity and the low transmit power restrictions remain the main challenges reducing the potential of this technology [3] - [5] . To reduce the severity of such challenges, various relaying protocols with different degrees of efficiency have been proposed for PLC systems. In particular, amplify-and-forward (AF) and decode-and-forward (DF) are the most widely investigated within the PLC research community. Although AF relaying is simple and easy to implement in practice, it was shown in [6] that it does not always enhance performance over the impulsive noise PLC channel compared to DF relaying.
In recent years, energy efficiency and power consumption in relaying PLC networks have received a considerable amount of research interest and several attempts have been made by the scientific community towards this direction, see e.g. [7] - [9] . Although those studies have investigated various relaying scenarios with and without considering the static power (the power consumed by the PLC modem when no data is being transmitted), they all have focused on only optimizing the system parameters to reduce the transmit power. In contrast, our paper proposes to scavenge the high undesirable energy of impulsive noise over the PLC channel to further enhance energy efficiency. Specifically, we consider a dual-hop DF relaying system with time-switching relaying (TSR) protocol for energy-harvesting at the relaying modem. This allows the relay to intelligently harvest the impulsive noise energy and then use it to forward the source information to the destination. The system performance will be evaluated in terms of energy efficiency. For the sake of comparison, the performance of the conventional DF relaying and the direct-link schemes will also be presented.
The main contribution of this work resides in deriving analytical expressions of the energy efficiency for the three systems under consideration. Computer simulation are included to verify the accuracy of our analysis. In addition, to achieve best energy efficiency, extensive simulations are conducted solving the optimization problem of the energyharvesting time factor in several scenarios. For a more realistic power consumption scenario, we incorporate the dynamic power, static power and idle power of PLC modems in our power consumption profile; similar to [10] and [9] . The results reveal that the proposed system is able to offer remarkable energy efficiency enhancements when the end-to-end distance is sufficiently large. In addition, it is demonstrated that as the noise amplitude and/or its probability of occurrence increases, the achievable gains (relative to the conventional DF relaying and direct-link systems) will become more pronounced.
The rest of this paper is organized as follows. Section II, describes the system model. Section III analyzes the energy efficiency of the three systems under study. In Section IV, we present and discuss numerical examples and simulation results of the derived expressions. Finally, Section V concludes the paper. Fig. 1(a) shows a basic system diagram of the proposed system consisting of a source, relaying and destination PLC modems. The relay is based on DF protocol and is equipped with an energy harvester to scavenge the high impulsive noise energy; more details are provided below 1 . In addition, Figs. 1(b) and 1(c) illustrate the system diagrams of the conventional DF relaying and direct-link schemes.
II. SYSTEM MODEL
The two DF relaying systems can be characterized using h 1 and h 2 representing the source-to-relay and relay-todestination channel gains with corresponding distances d 1 and d 2 , respectively; h 0 and d 0 = d 1 + d 2 denote the channel gain and the source-to-destination distance in the direct-link system, respectively. The channel gains of all links are assumed to be log-normally distributed [12] , [13] , and the distance and frequency dependent attenuation will be denoted as
where f is the operating frequency and k ∈ {0, 1, 2} is the link index. The background noise (n w ) and impulsive noise (n i ) are modeled using the Bernoulli-Gaussian model [14] in which n w is complex Gaussian with variance σ 2 w and n i is modeled as a Bernoulli-Gaussian random process with probability p (this denotes the probability occurrence of impulsive noise). Note that the signal-to-background noise ratio (SBNR) and the signal-to-impulsive noise ratio (SINR) are defined respectively as SBNR = 10 log 10 1/σ 2 w and SINR = 10 log 10 1/σ 2 i . Three power consumption modes are adopted in this work, namely, dynamic power (P dyn ), static power (P stc ) and idle power (P idl ), see [15] for more details. With this in mind, and assuming that all the PLC modems are identical and have same power consumption features, we can write the energy consumption for the proposed DF-EH system during phase I E DF −EH t,1 and phase II E DF −EH t,2
, as represent the power consumption during phases I and II, respectively, whereas T and τ will be defined below.
Similarly, we can express the total energy consumption for the conventional DF relaying and direct-link systems, respectively, as
and
where P DL t is the power consumption in the direct-link system.
In the two DF relaying systems, we assume no directlink between the source and destination due to the high cable attenuation and therefore the end-to-end communication is accomplished over two phases. In this paper, we adopt TSR as an energy-harvesting protocol. Assuming that T is the time required to transmit one block from the source to the destination, the energy-harvesting time will be given by τ T (the time used by the relaying PLC modem to harvest energy), where 0 ≤ τ ≤ 1 is referred to as the energyharvesting time factor. The remaining time (1 − τ ) T is used for information transmission, evenly for the two phases; i.e.
(1 − τ ) T /2 for each phase. Note that the relaying modem has an external power source that provides (P re ), i.e. it is not entirely dependent on the harvested power (P rh ) and that all the available relay power will be used to forward the information signal.
III. PERFORMANCE ANALYSIS
This section presents a step-by-step analytical derivation of the energy efficiency expressions for the three systems considered. To calculate the energy efficiency (bits/Hz/Joule), we first calculate the average spectral efficiency (bits/s/Hz) which, in non-Gaussian channels, can be calculated as [16] 
where γ l;l∈{r,d} , γ l is the SBNR at the receiving modem,
w , and r and d denote the relay and destination modems. Note that β = β r = β d in this case. The energy efficiency of the two links can then be calculated as
The overall energy efficiency can now be determined by the minimum energy efficiency of the two links as follows [17] 
A. EH-based DF Relaying PLC System
To begin with, the received signal at the relay in the first phase can be expressed as
where P s is the source PLC modem transmit power P S dyn , s is the information signal normalized as E |s| 2 = 1 and n r is the noise signal at the relaying PLC modem with variance σ 2 r . It is assumed that all nodes are perfectly synchronized and no source information is transmitted during the energy-harvesting process at the relay. Hence, the harvested energy at the relay can be given by
where 0 < η < 1 is the energy-harvesting efficiency. Now, the received signal at the destination modem can be written as
wheres is the decoded version of the source signal, n d is the noise at the destination modem with variance σ 2 d and P r = P re + P rh is the relay total transmit power and P rh is given by
Substituting (9) into (8) yields
From (6) and (10), after grouping the information and noise terms, we can write the SBNRs at the relay and destination modems respectively as
Using (4), the source-to-relay link's average spectral efficiency of the proposed system can be expressed as
where γ r,0 = γ r and γ r,2 = γ r /β. Equation (13) can be mathematically calculated as
where f γr,0 (·) and f γr,1 (·) are the probability density functions (PDFs) of γ r,0 and γ r,1 at the relaying modem. This can also be calculated using
where F γr,0 (·) and F γr,1 (·) are the complementary distribution functions (CDFs) of γ r,0 and γ r,1 , respectively. Using (11), F γr,0 (·) can be found as follows
Hence,
Because h 2 1 has log-normal distribution, equation (17) can be expressed as
where ξ = 10/ln (10) is a scaling constant,
r , µ 1 and σ 1 represent the mean and standard deviation of 10log 10 (h 1 ), respectively.
Similarly, we have
where (18) and (19) into (15), we can calculate the spectral efficiency at the relay as
Now, using substituting (20) into (4a) yields the energy efficiency of source-to-relay link. Furthermore, it is easy to show that the spectral efficiency of the relay-to-destination link can be calculated as
where µ 2 and σ 2 are the mean and the standard deviation of 10log 10 (h 2 ), respectively; Λ 0 = 2ητ σ
d and Λ 1 = Λ 0 /β. The energy efficiency of relay-to-destination link can now be determined by substituting (21) into (4b). Finally, the overall energy efficiency of the proposed system can be obtained by substituting ρ r and ρ d into (5) . The solution of this will be found numerically using software tools.
B. Conventional DF Relaying PLC System
In the conventional DF system, the relaying modem has no energy-harvesting source and, hence, relies entirely on the external power supply. The energy efficiencies of the two links for this system can be straightforwardly written, respectively, as
where (22) and (23) into (4a) and (4b), respectively, then using (5), we will obtain the overall energy efficiency of the conventional DF relaying system.
C. Direct-link PLC System
For the direct-link system, the SBNR at the destination modem can be expressed as
and the corresponding energy efficiency is calculated as
where P DL t is defined in (3) and Υ is given by
where
IV. RESULTS AND DISCUSSIONS
This section presents some numerical examples along with simulation results for the derived analytical expressions. The cable attenuation model used in our evaluations is
where f is the frequency in MHz, k is the exponent of the attenuation factor, a o and a 1 are constants determined from measurements [3] . In general, if not specified, we use the following setting: P s = P re = 1 W, P idle = 0.1 W, η = 1, p = 0.01, f = 30 MHz, a 0 = 9.4 × 10 −3 , a 1 = 4.2 × 10 −7 , k = 0.7 and SBNR at all nodes is 25 dB. In addition, we use µ k = 3 dB and σ In addition, it is assumed that P re = 0 W; this is to more clearly illustrate the influence of the harvested energy on the performance of the proposed system. It can be seen from the two figures that as the noise energy becomes higher, i.e. SINR becomes smaller, the system tends to be more energy efficient. Also, comparing the two figures, it can be easily noticed that, for a given SINR value, the performance improves as p is increased. This is simply justified by the fact that as either the noise amplitude or its probability of occurrence becomes higher, more energy can be harvested during the time τ T at the relaying PLC modem. Another observation one can see is that the energy efficiency always deteriorates as τ approaches either zero or one. Therefore, optimizing this time factor is important to maximize the performance.
We now conduct extensive search for the optimal energyharvesting time factor and plot in Fig. 3 the corresponding maximum achievable energy efficiency of the optimized DF-EH system with respect to the modem's static power for two end-to-end distances, namely, 300 m and 600 m. Results for the conventional relaying and direct-link approaches are also included on this plot. These results are based on the following parameters d 1 = d 0 /3, p = 0.01 and SINR = −30 dB. It is apparent from this figure that as the static power increases, the energy efficiency of the three systems degrades which is intuitive. It is also clear that when the end-to-end distance is large, i.e. 600 m, the optimized DF-EH system always offers the best performance followed by the conventional DF approach whereas the direct-link system has the poorest performance. It is interesting to point out that this enhancement becomes more significant as the static power becomes smaller. On the other hand, however, when the end-to-end distance is relatively small, i.e. 300 m as in Fig. 3(b) , the directlink system outperforms the other two relaying schemes. This implies that in short-distance scenarios, using multiple PLC modems can be energy inefficient due to the increased static power consumption. The final remark on these results is that, irrespective of the considered distance, the proposed system always has better performance than that of the conventional DF relaying system.
V. CONCLUSION
This paper analyzed the energy efficiency performance of a dual-hop relaying PLC system with energy-harvesting capabilities. In particular, DF relaying and TSR energy-harvesting protocols were implemented. The performance analyses of the conventional relaying and direct-link systems were also presented. For the three systems under consideration, we derived accurate analytical expressions of the energy efficiency. Results showed that as the impulsive noise energy becomes higher, more energy can be harvested at the relaying modem and, consequently, the proposed system becomes more energy efficient. It was also demonstrated that a careful selection of the energy-harvesting time factor is vital to maximize the performance. Furthermore, results revealed that the optimized DF-EH system can considerably outperform the conventional relaying and direct-link schemes and this becomes more obvious when the end-to-end distance is relatively large. However, relaying in general was shown to be energy inefficient when the total distance is small in which case direct-link approach becomes more efficient.
